We propose the use of ultrafast electron diffraction (UED) to image a controllable, laser-driven coherent electron population transfer in lithium atoms with currently available femtosecond electron pulses. Our simulations demonstrate the ability of ultrafast electrons to image such an electronic population transfer, thus validating UED as a direct means of investigating electron dynamics. Provided the incident electron pulses have sufficient temporal resolution, the diffraction images are shown to resolve also the relative phases of the target electronic wave functions.
PACS numbers: 03.65.Nk, 34.80.Bm, 34 .80.Dp, 34.80.Qb To understand various reaction mechanisms in gas phase or condensed materials, one requires knowledge of electronic and nuclear motions and the interplay among these degrees of freedom during the reactions. Ultrafast electron diffraction (UED) and microscopy provide sub-angstrom spatial and femtosecond temporal resolutions that allow the direct imaging of the atomic motions [1] [2] [3] [4] . For example, structural evolutions during phase transitions have been mapped using ultrafast electron microscopy and crystallography [5] [6] [7] . Also, diffraction images have identified transient molecular structures [8] and established evidence of deformation and dissociation of molecules interacting with laser pulses [9] . Nowadays, electron pulses with femtosecond (fs) duration have been reported [10] [11] [12] [13] [14] . Recently, single-electron pulses with a full-width at half-maximum (fwhm) duration of 28 fs have been demonstrated [15] . Various schemes for further compression of these pulses to attosecond durations [16] [17] [18] [19] [20] and for reaching attosecond resolution by optical gating [21] have been proposed. Simulations of various electron scattering processes employing attosecond duration incident electron pulses, whether treated simply as potential scattering processes [22] or more rigorously as coherent scattering processes [23] [24] [25] , have demonstrated the ability of such ultrashort electron pulses to image electronic motions in target atoms and molecules.
Current electron pulse durations, however, are still insufficient to resolve the electronic motions, with typical durations < ∼ 1 fs, in most gas-phase reactions. Moreover, while the importance of the longitudinal coherence of the electron pulses for imaging electronic motions has been recognized [24, 25] , the necessary precision for characterizing and controlling the coherence of electron pulses is still experimentally challenging [26] , and theoretical modeling of the various degrees of coherence in simulations is difficult. In order to flexibly overcome these difficulties, a time-varying electronic system whose characteristic time scale is longer than existing electron pulse durations would be useful. For such a system, one could investigate how the properties of the incident electron pulses affect their diffraction patterns, examine the sensitivity of electron pulses to the electronic movements, and obtain information for developing experimental techniques for producing and employing attosecond electron pulses. Hence, we investigate here the imaging of a picosecond (ps) time scale coherent electronic motion in atoms by UED. Specifically, we probe laser-driven electron population transfer in lithium atoms with femtosecond electron pulses, as shown schematically in Fig. 1 .
The electronic motion we investigate is adiabatic passage of the lithium atom's valence electron from the 2s state to the 2p state by a frequency-chirped laser pulse. We have chosen this electron population transfer process because it has been experimentally demonstrated in alkali atoms [27] [28] [29] and because of its simplicity, controllability, and robustness [29, 30] . The underlying mechanism can be understood from a dressed-state picture. In the presence of a periodic laser field the atomic levels are lifted or lowered owing to the dressing of the laser photons. The population transfer process starts from a large negative laser detuning so that the diabatic energy of the one-photon dressed 2s state is far below that of the 2p state of the lithium atom. Then the frequency of the laser is swept upward (red-to-blue), so that the diabatic energy of the dressed 2s state crosses that of the 2p state. However, the adiabatic energies have an avoided crossing connecting the dressed 2s and 2p states at large negative and positive detunings. Therefore, if the frequency of the laser pulse is varied slowly, then the electronic state adiabatically follows the evolution and, accordingly, the entire 2s population can be transferred to the 2p state.
The laser-induced population transfer from the 2s to the 2p state of the lithium atom is shown in Fig. 2 . The temporal envelope and the time-dependent frequency of the linearly chirped laser pulse are shown as a function of time in Fig. 2(a) , while the populations of the 2s, 2p, and 3d states of Li are shown as functions of time in Fig. 2(b) . The laser field is assumed to be linearly polarized along the z axis with a peak intensity of 1.93 × 10 7 W/cm 2 , and its Gaussian envelope has a duration (fwhm) of 2.0 ps. The instantaneous frequency equals the 2s-2p resonant frequency at the peak of the laser pulse at a time ≈ 3.63 ps after the turn on of the pulse. One sees that almost 100% of the 2s state population is transferred to the 2p state, while the population in the 3d excited state is negligibly small throughout the entire process. The This time-varying electronic motion in the lithium atoms is probed by an ultrafast electron pulse at certain delay times and a detector records the diffraction pattern of the scattered electron pulse. For future reference, we define here the coordinate system and the scattering angles θ and ϕ.
time scale of the adiabatic passage is regulated by the period of Rabi oscillation, where the Rabi frequency of a two-state system in a monochromatic laser field is defined by Ω = d · E/h, where d is the transition dipole moment between the states, and E is the laser electric field. Therefore, the time scale of the adiabatic passage can be controlled by the intensity and the rate of chirp of the laser pulse. For the laser profiles shown here, the time scale of the population transfer is about 3.0 ps, which is much longer than the duration of current state-of-the-art ultrafast electron pulses.
The averaged valence electron densities in the yz plane (cf. Fig. 1 ) are shown as inset figures in Fig. 2 (b) at delay times t d = 1.0, 3.0, 4.0, and 6.0 ps (relative to the turn on of the laser pulse). They are calculated from the 2s and 2p densities weighted by their populations at the given delay times. One can clearly see the change of the symmetry and nodal structure of these weighted electron densities during the population transfer. At t d = 1.0 ps an isotropic density with a single nodal circle signifies the character of the 2s orbital. As the 2p population grows, the symmetry changes to the dumbbell shape of the 2p state and the nodal circle disappears.
At particular delay times t d during the adiabatic population transfer we calculated the ensemble-averaged differential probability for an incident electron to be scattered into a solid angle about the angles θ and ϕ (cf. Fig. 1 ), where the ensemble average is over the transverse positions (i.e., the impact parameters) of the lithium atoms in the atomic beam (for details, see Supplemental Material [31] ). The electron pulses are assumed to have a Gaussian distribution of 100 fs duration (fwhm) with a kinetic energy of 10 keV in the laboratory frame. The electron pulse's angular divergence is ±10 −4 rad. We assume that the lithium atoms are moving so slowly in comparison to the electron pulse that they may be treated as stationary in the laboratory frame. Spatial inhomogeneities such as those originating from the group velocity mismatch between the laser and electron pulses are not included in our simulations because experimental techniques have been developed to mitigate such effects [2] . We thus assume that each incident electron pulse "sees" a homogeneous ensemble of lithium atoms of 50 µm thickness having a density of 10 10 cm −3 [32] . The Li atoms are projected onto a plane perpendicular to the direction of the incident electrons. We calculate the scattering probabilities for the incident electron pulses from the Li atoms in this plane. The simulations are performed in the center-of-mass frame, although the diffraction images change only very slightly in the laboratory frame because of the heavy mass of the lithium atoms and the high energy of the electron pulses. Only the 1s, 2s, and 2p states are used to calculate the scattering amplitudes since the populations of other excited states are negligible. Since the kinetic energies of the scattered electrons are not usually measured in diffraction experiments, inelastic transitions must be considered when calculating the diffraction images. In our simulations transitions to final states of lithium atoms having principal quantum numbers less than ten and orbital angular momenta less than nine are included. The diffraction images for 100-fs electron pulses at delay times t d = 1.0, 3.7, and 6.0 ps during the 2s to 2p population transfer in the lithium atom targets are shown in Fig. 3(a) . One observes a dramatic increase of the scattering intensity in the forward direction as the delay time increases, which reflects the sensitivity of electron pulses to the population transfer in the lithium atoms. This strong enhancement in the forward direction occurs because the 2p state has a much larger scattering probability than the 2s state and because inelastic scattering transitions are usually peaked in the forward direction [24, 40] . Note that the population transfer here is a coherent process; it thus provides a system for studying effects of the incident electron pulse coherence on the diffraction images. Specifically, our expectation is that the interference contrast of a diffraction image is sensitive to the longitudinal and transverse coherences of the incident electron beam (cf. Secs. 6 and 7 of Ref. [26] ).
In order to compare the effects of pulse duration on the diffraction patterns, we show in Figs. 3(b-d) our calculated results for the ensemble-averaged differential probabilities (DPs) for 1-fs, 100-fs, and 2-ps electron pulses as functions of the scattering angle θ. The azimuthal scattering angle is ϕ = 0
• . The corresponding bandwidths (fwhm) of these electron pulses are about 1.8 eV, 1.8 × 10 −2 eV, and 9.1 × 10 −4 eV, respectively. One observes that in each case the differential probabilities increase as the time delay increases, reflecting the fact that the 2p state has a larger scattering probability than the 2s state. However, the 2-ps case differs in its angular 
IG. 4. (Color online)
The ensemble-averaged DPs for 1-fs (left column), 100-fs (middle column), and 2-ps (right column) pulses scattered from the time-dependent 2s to 2p population transfer in the lithium atoms as functions of the azimuthal scattering angle ϕ at the scattering angles θ = 0.3
• (top row ), 0.9
• (middle row ), and 1.5
• (bottom row ) (cf. Fig. 1 ). Different curves correspond to different pump-probe delay times, indicated by the legends. The delay times for the 1-fs pulse differ from those for the 100-fs and 2-ps pulses in order to illustrate the ability of the 1-fs electron pulses to resolve the asymmetric electronic motion oscillating with the beat period (T = 2.13 fs) of the 2s and 2p states. Note also that the 1-fs differential probabilities for t d = (3.7 − T /2) ps and (3.7 + T /2) ps are indistinguishable on the scale of the figure. and temporal behaviors compared to those for the 1-fs and 100-fs pulses. First, the differential probability for the 2-ps case already has a larger peak at θ = 0
• when t d = 1.0 ps. Second, since the 2p population increases from 11.5% to 76.8% as the time delay increases from t d = 3.0 ps to 4.0 ps [cf. Fig. 2(b) ], the changes of the differential probabilities for the 1-fs and 100-fs pulses reflect such rapid growth between those two time delays. For the 2-ps pulse, owing to its long duration, the increase of the differential probability with increasing time delay is more uniform at large scattering angles (θ > 0.3
• ), thus failing to reflect the rapid increase of the 2p population between those two delay times. However, the similarities in the results for the 1-fs and 100-fs pulses indicates that, provided the electron pulses have adequate temporal resolution, their small pulse bandwidths (with respect to their large kinetic energy) result in electron pulses that are essentially monoenergetic. Hence, the diffraction patterns are insensitive to the details of the pulse shape and directly reflect the target structures.
The electron pulses we consider are not only sensitive to the temporal variations of the target electron state populations, but are also able to differentiate the symmetry of the electronic state during the population transfer. In order to demonstrate this, the DPs for the three pulse durations as functions of azimuthal scattering angle ϕ at different pump-probe delay times are shown in Fig. 4 for TABLE I. Retrieval of the time-dependent 2s population during the laser-driven 2s to 2p population transfer in Li atoms using the UED scattering patterns. The 2s populations at delay times t d = 3.0, 3.7, and 4.0 ps are extracted by a leastsquares fitting of the DPs of the 100-fs and 2-ps pulses at each pulse duration and scattering angle θ to a linear combination of the DPs at delay times t d = 1.0 and 6.0 ps, which are essentially those for the 2s and 2p states, respectively. These fitting results are compared with the 2s populations predicted by the simulation whose results are shown in Fig. 2(b) three scattering angles: θ = 0.3 • , 0.9
• , and 1.5
• . The results in the three columns correspond to those for the three pulse durations, while the results in the three rows correspond to the three scattering angles θ denoted in the last column. The pump-probe delay times for the 1-fs pulse differ from those for the 100-fs and 2-ps pulses in order to show that the 1-fs pulse is able to resolve the asymmetric diffraction patterns with respect to ϕ = 90
• for differences in the time delays comparable to the beat period T = 2.13 fs of the 2s and 2p states. The 100-fs and 2-ps pulses are unable to resolve the 2.13 fs beating of the 2s and 2p states during the population transfer. For all pulse durations, the symmetries of the diffraction patterns change from an isotropic distribution of the DP (i.e., independent of ϕ) at t d = 1.0 ps to a dumbbell symmetry at t d = 6.0 ps, consistent with the 2s-to-2p population transfer. Moreover, for any scattering angle θ, the DPs at the delay times t d = 1.0 ps and 6.0 ps are almost identical for all pulse durations, whereas differences in the DPs appear between t d = 1.0 ps and 6.0 ps. (Note that the ϕ-dependence of the scattering patterns shown in Fig. 4 cannot be easily seen in Fig. 3(a) owing to the order-of-magnitude larger scattering probabilities in the forward direction.)
In order to illustrate the capability of UED to measure the time-dependent 2s to 2p electron population transfer in the Li atom, we have fit the DPs at the delay times t d = 3.0, 3.7, and 4.0 ps to a linear combination of those at t d = 1.0 and 6.0 ps, which respectively represent the DPs for the 2s and 2p states. The results for the 2s population at the given delay times are shown in Table I for pulse durations of 100-fs and 2-ps. Results for the scattering angles θ = 0.3
• , 0.9
• all render the same 2s population at a given t d . The 100-fs pulse precisely retrieves the 2s population predicted by our simulation [shown in Fig. 2(b) ], while the 2s population obtained by our fitting procedure for the 2-ps pulse differs significantly, thus showing its insufficient temporal resolution.
The results in Table I show that the 100-fs pulse can accurately determine the time-dependent populations of the 2s and 2p states. To obtain more complete information on the electronic motion on the time scale of the beat period, a shorter electron pulse duration is required, as shown in Fig. 4 for the 1-fs electron pulse. One observes in Fig. 4 asymmetric diffraction patterns with respect to ϕ = 90
• at three delay times that differ by half the beat period, centered at t d = 3.7 ps. Since opposite parities are involved in the beat oscillation, an asymmetric wiggling motion of the target electron is faithfully imaged by the ultrafast electrons. Moreover, the essentially identical diffraction patterns at t d = 3.7−T /2 and 3.7 + T /2 ps show that the asymmetry of the diffraction pattern oscillates with the beat period. Note that these rapid asymmetric changes in the diffraction patterns cannot be obtained by modeling UED as potential scattering from the target charge densities [24, 41] , since in that approximation the elastic scattering differential cross sections are always centrosymmetric according to Friedel's Law [42] .
In conclusion, we have demonstrated the imaging of the laser-driven electron population transfer in lithium atoms by UED. The simulations show how the pulse duration affects the level of information on the electronic motions that can be extracted from the diffraction patterns. In particular, if the durations of the electron pulses are shorter than the 2s-2p beat period, then the diffraction images show asymmetric angular distributions. Since the conventional interpretation [43] of electron diffraction cannot model the asymmetry, it must be modified to properly interpret experimental results once electron pulses have sufficient temporal resolution [24] . Finally, we note that a similarly-motivated proposed experiment for observing electronic motion has recently been made in the field of X-ray scattering: Suominen and Kirrander [44] propose the creation of a coherent superposition of Rydberg states in rare gas atoms whose electronic motion would be slow enough to observe with current stateof-the-art ultrashort X-ray pulses.
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